The effect of the
It is well known that the potassium contracture is abolished by the depletion of extracellular Ca (FRANK,1960; LUTTGAU,1963) .For the mechanism of this inhibition, FRANK(1964) proposed the dissociation of excitation-contraction T.NAGAI coupling(E-C coupling).On the other hand, LUTTGAU(1963) concluded that the inhibition was due to a combined effect of a gradual decline in resting potential and a shift of the S-shaped inactivation curve relating the steady state of the contractile system to membrane potential toward more negative membrane potential. However,the mechanism still remains in doubt.
In the present paper,the effect of extracellular Ca depletion on the potassium contracture of frog twitch muscle fiber was investigated mainly in relation to its time and Na dependency.It is concluded that the inhibition of the potassium contracture by the Ca depletion is due to the dissociation of E-C coupling,and belongs to the category of"the full inactivation without a preceding activation" (FRANKENHAEUSER and LANNERGREN,1967; SHINOZAKI and OOTA,1976) .We discuss the possibility that this inactivation process may be distinct from the inactivation process which was considered to be related to spontaneous relaxation (HODGKIN and HOROWICZ,1960; LUTTGAU,1963 The pH was adjusted to 7.0-7.2 by phosphate buffer.
RESULTS
Effects of EGTA-Na Ringer and EGTA-choline Ringer solutions on potassium contracture In the fiber treated with EGTA-Na Ringer solution,the two effects on the contracture induced by 190mM K were observed; one was the shortening of the plateau duration and the increase in the rate of relaxation,and the other was the inhibition of the peak tension (Fig.1) .The shortening of the plateau duration and the increase in the rate of relaxation was observed even when EGTA-190 K solution was applied 3 or 15 sec after immersion in EGTA-Na Ringer solution (Fig.1A) .These effects did not progress significantly up to at least 90min in EGTA-Na Ringer solution.Whereas the inhibition of the peak tension took place very slowly;the tension was inhibited only by about 20% 20-90min after immersion in EGTA-Na Ringer solution (Fig.1B) ,and complete inhibition was observed after 120min (Fig.1C) .As shown in Fig.4 ,the time course of the inhibition showed two phases;the first phase in which the tension was inhibited very slowly and slightly,and the second phase in which the tension was inhibited more rapidly and completely.
When the fiber was immersed in EGTA-choline Ringer solution,the shortening of plateau duration and the increase in the rate of relaxation were observed in a quite similar manner to those in EGTA-Na Ringer solution(Figs.2 and 3). While the inhibition of the peak tension was much more rapid in EGTA-choline Ringer solution than in EGTA-Na Ringer solution;the tension was gradually inhibited by about 20% during first 7min,and abolished after 10-12min.Thus, the time course of the inhibition showed two distinct phases (Fig.4) .The result that the potassium contracture tension was abolished in EGTA-choline Ringer solution is similar to those of FRANK(1960) and LuTTGAU(1963) who studied on whole toe muscles and single iliofibularis muscle fibers of the frog, respectively, in Ca-free choline Ringer solution without EGTA.According to FRANK(1963) , the same result was obtained when sucrose was used in place of choline chloride. This indicates that the acceleration of the inhibition of potassium contracture tension by EGTA-choline Ringer solution is not due to the specific action of K solution after the fiber was exposed to EGTA-choline Ringer solution for 5.4 sec,15 sec and 10 min,respectively.These data were obtained from the same fiber.Fiber diameter,654u.
Fig.3.
Comparison of the effects of EGTA-Na Ringer and EGTA-choline Ringer solutions on potassium contracture.A,the potassium contractures induced by 190 K and EGTA-190 K solutions after the fiber was exposed to normal Ringer(a)and EGTA-Na Ringer (b)solutions, respectively.B,the potassium contractures induced by 190 K and EGTA-190 K solutions after the fiber was exposed to choline Ringer(a)and EGTA-choline Ringer(b)solutions,respectively.The exposures of the fiber to EGTA-Na Ringer and EGTA-choline Ringer were both for 30 sec.These data were obtained from the same fiber.Fiber diameter,65 it.
choline but to the extracellular Na depletion.All the above Ca depletion effects were reversible.
From these results,it is clear that the extracellular Na depletion accelerates the inhibition of the peak tension but not affects the plateau duration and the rate of relaxation of the potassium contracture in Ca-deficient Ringer solution. Caffeine contractures at the time when the potassium contracture tensions were abolished in EGTA-Na Ringer and EGTA-choline Ringer solutions were examined.The contracture tension induced by 10mm caffeine in the presence of 1.8mm Ca was nearly the same as that induced by 190mm K.As shown in Fig.  5A ,after the fiber was immersed in EGTA-Na Ringer solution for 120 min,the magnitude and the rate cf rise of caffeine contracture tension were markedly reduced.Whereas,after the fiber was immersed in EGTA-choline Ringer solution for 20min,caffeine contracture occurred sufficiently (Fig.5B) .The former effects were reversible.These results suggest that the inhibition of the potassium contracture in EGTA-Na Ringer solution is due mainly to the reduction in the amount of stored Ca in the sarcoplasmic reticulum,while that in EGTA-choline Ringer solution is not explained by this reason. The membrane potential in EGTA-choline Ringer solution was measured by the intracellular microelectrode,according to the method of FRANK and INOUE (1973) ,on the superficial fibers of sartorius muscle.As shown in Table 2 In our experiment,however,the potassium contracture in EGTA-Na Ringer solution was not inhibited by DTC(10-4g/ml) (Fig.7) .And the potassium contrac- Fig.7 . Effect of d-tubocurarine (DTC) on potassium contracture in EGTA-Na Ringer solution.a,the potassium contracture induced by 190K solution.b,the potassium contracture induced by EGTA-190K solution after the fiber was exposed to EGTA-Na Ringer solution containing DTC(10-4g/ml)for 20min.Fiber diameter,60 it.
ture of toe muscle was also not inhibited by DTC(not shown).Our present results suggest that this contracture is not due to the release of acetylcholine.
It is known that the inactivation of the potassium contracture progresses with time and the rate of inactivation is accelerated by the reduction of extracellular Ca, and the full ir activation is developed without a preceding activation (FRANKENHAEUSER and LANNERGREN,1967; SHINOZAKI and OOTA,1976) .As shown in Fig.8 ,when the fiber was exposed to subthreshold concentration of K (10-15 mM)under 0.18 mM Ca or to moderate concentration of K(30 mM)under 1.8 mM Ca for conditioning depolarization,the ability to produce contracture by a subsequent application of 190 K solution was reduced with time.In the former case,the contracture by 190 K solution was abolished without a preceding mechanical activation (Fig.8  B) .These results were in accordance with the previous reports (FRANKENHAEUSER and LANNERGREN,1967; STUESSE and LINDLEY, 1975; SHINOZAKI and OOTA,1976) .
The rate of the inactivation by a conditioning depolarization by 10 mM K under 0.18 mM Ca was accelerated by the depletion of extracellular Na during a conditioning depolarization (Fig.8A) .This effect resembles the Na depletion effect on the inhibition of potassium contracture tension by EGTA solution(see Fig.4 ). Figure 8 Cb shows that the spontaneous relaxation occurred in a large contracture induced by moderate concentration of K,followed by the nearly full contracture tension induced by 190 K solution.This indicates that the spontaneous relaxation in a large contracture occurs without a subsequent full inactivation.This result is in accordance with the results of FRANKENHAEUSER and LANNERGREN(1967)and STUESSE and LINDLEY(1975) .
Caffeine contracture was produced sufficiently when the full inactivation occurred without a preceding activation (Fig.8 Bb) .Under 0.18 or 0.2 mM Ca , the extent of the depolarization induced by 15, 40 and 190 mM K was the same as those in 1.8 or 2 mM Ca (FRANKENHAEUSER and LANNERGREN,1967; Kosaka, unpublished data) .Therefore,it is possible that"the full inactivation without a preceding activation" (FRANKENHAEUSER and LANNERGREN,1967; SHINOZAKI and OOTA,1976 )is due to a dissociation of E-C coupling.
DISCUSSION
In our present experiments,the extracellular Ca depletion showed two distinct effects on the potassium contracture;the shortening of plateau duration or the increase in the rate of relaxation,and the inhibition of the peak tension.The former effect appeared very rapidly and was independent of the presence or absence of extracellular Na,whereas the latter effect appeared very slowly and was accelerated by the depletion of extracellular Na (Figs.1 to 4) .These effects of Ca depletion may be associated with the labilization (SHANES,1958) or the reduction of surface potential (DoRRSCHEIDT-KAFER,1976; and cf.GORDON and GODT,1970) of muscle fiber membrane by the depletion of extracellular Ca. This may be supported by the result of CAPUTO and GIMENEZ(1967) that the mechanical threshold of the potassium contracture is shifted towards more negative membrane potential within 10 sec by the depletion of extracellular Ca.Of the two effects of extracellular Ca depletion,the inhibition of the peak tension may be ascribed to a certain inhibitory process which is gradually developed,perhaps related directly or indirectly to the labilization or to the reduction of the surface potential of the membrane and is promoted by the extracellular Na depletion by some way, in some step of E-C coupling process probably in transverse tubular system since the depolaiization by the extracellular Ca depletion was not very large (Table 2) .
Both the inhibition of the potassium contracture tension by the Ca depletion and"the full inactivation without a preceding activation"gradually develop with time( Fig.4;FRANKENHAEUSER and LANNERGREN,1967; SHINOZAKI and OOTA,1976) and promoted by the depletion of extracellular Na (Figs.4 and 8A) . Therefore,it is considered that the inhibition of potassium contracture tension by the extracellular Ca depletion may belong to the category of the full inactivation without a preceding activation.
Our findings mentioned above that the time-and Na-dependence of the effect of Ca depletion on the plateau duration or the rate of relaxation of the potassium contracture differ from those of the effect of Ca depletion on the peak tension suggest that the processes which cause these two effects are distinct from each other.This is supported by the data which show that there is a spontaneous relaxation in a large contracture without a subsequent full inactivation in potassium contracture (FRANKENHAEUSER and LANNERGREN,1967; STUESSE and LINDLEY, 1975 ;and the present result, Fig.8 Cb).At the same time,these suggest that the inactivation process which was considered to be associated with the spontaneous relaxation of the potassium contracture (HODGKIN and HOROWICZ,1960; LUTTGAU,1963) is distinct from the inactivation process related to the full inactivation without a preceding activation,the inhibition of the peak tension (FRANKENHAEUSER and LANNERGREN,1967; SHINOZAKI and OOTA,1976) . HODGKIN and HOROWICZ(1960) and LUTTGAU(1963)presumed a certain inactivation process associated with the spontaneous relaxation and determined the extent of the inactivation by the extent of restoration of the peak tension of the second contracture under a given condition after the first contracture induced by 190 mm K.On the other hand, FRANKENHAEUSER and LANNERGREN(1967)and SHINOZAKI and determined the extent of the inactivation by the extent of the inhibition of the peak tension of the contracture induced by 190 mm K after a given conditioning,If the inactivation process associated with the spontaneous relaxation and that related to the inhibition of the peak tension are distinct from each other,which we termed tentatively inactivation 1 and inactivation. 2,respectively,both the above authors'methods of the determination of the inactivation can be considered to be related to inactivation 2 but not to inactivation 1. Furthermore,in this aspect,the above methods also are considered to differ from each other because HODGKIN and HOROWICZ(1960) and LUTTGAU(1963)measured the restoration from inactivation 2 and FRANKENHAEUSER and LANNERGREN (1967) and SHINOZAKI and OOTA(1976) measured the inactivation 2 itself for the determination of the extent of the inactivation.
Recently, STUESSE and LINDLEY(1975) presented a similar view to ours on the inactivation of the potassium contracture.They concluded that the inactivation process which is considered to be associated with spontaneous relaxation is distinct from that related to the inactivation reported by FRANKENHAEUSER and LANNERGREN(1967) on the basis of the result that the former is dependent on the tion and the latter the delayed inactivation,respectively. STUESSE and LINDLEY (1975) assumed that rapid inactivation is due mainly to refractoriness of the Ca release mechanism and delayed inactivation is due to the exhaustion of the Ca store.For the evidence to the former,they presented the result which shows that there is a spontaneous relaxation without a following full inactivation (STUESSE and LINDLEY,1975; FRANKENHAEUSER and LANNERGREN,1967) .In our present results,caffeine contracture was sufficiently producible when the full inactivation occurred without a preceding activation by the conditioning with subthreshold concentration of K (Fig.8 B) and when the potassium contracture tension was abolished in EGTA-choline Ringer solution (Fig.5 B) .These results suggest that the delayed inactivation is not due to the exhaustion of the stored Ca at least in the sarcoplasmic reticulum.
